The mammalian urothelium apical surface plays important roles in bladder physiology and diseases, and it provides a unique morphology for ultrastructural studies. Atomic force microscopy (AFM) is an emerging tool for studying the architecture and dynamic properties of biomolecular structures under near-physiological conditions. However, AFM imaging of soft tissues remains a challenge because of the lack of efficient methods for sample stabilization. Using a porous nitrocellulose membrane as the support, we were able to immobilize large pieces of soft mouse bladder tissue, thus enabling us to carry out the first AFM investigation of the mouse urothelial surface. The submicrometer-resolution AFM images revealed many details of the surface features, including the geometry of the urothelial plaques that cover the entire surface and the membrane interdigitation at the cell borders. This interdigitation creates a membrane zipper, likely contributing to the barrier function of the urothelium. In addition, we were able to image the intracellular bacterial communities of type 1-fimbriated bacteria grown between the intermediate filament bundles of the umbrella cells, shedding light on the bacterial colonization of the urothelium.
Introduction
The mammalian urothelium, which lines the urinary bladder and other parts of the lower urinary tract, functions as the blood-urine barrier. 1 The urothelium usually consists of three cell layers: the basal layer of small cells, the intermediate layer of moderately sized cells, and the apical layer of very large umbrella cells. 2 The apical surface of the umbrella cells is almost completely covered by unique urothelial membrane plaques [also known as asymmetric unit membrane (AUM); see below] made of crystalline arrays of 16-nm hexagon-shaped protein particles consisting of four major integral membrane proteins called uroplakins (UPs). [3] [4] [5] [6] [7] [8] It was suggested that there are two physical barriers in the urothelium; 1 the urothelial plaques, covering about 90% of the apical cell surface, serve as the transcellular barrier, while tight junctions between the umbrella cells contribute to the paracellular barrier. [9] [10] [11] The mammalian urothelium is not just a passive barrier as many dynamic processes can happen at the apical surface. 12 The surface of the urothelium changes greatly by folding and unfolding during the contraction and distension of the micturition cycle. 4, 13 Extended stretching has been proposed to induce the fusion of numerous subapical fusiform vesicles, of the same AUM structure, with the plasma membrane-which may again be retrieved back into the cytoplasm when the bladder contracts. [14] [15] [16] Stretching may also induce endocytosis of the apical membrane as shown by Ussing chamber experiments using rabbit bladders. 17 The urothelium is also the major site for uropathogenic Escherichia coli (UPEC) colonization to cause urinary tract infection (UTI). UTI is one of the most common infectious diseases, affecting a large proportion of the world population and accounting for significant morbidity and high medical costs. 18, 19 One of the UPs, UP Ia, has been shown to be the urothelial receptor for type 1-fimbriated E. coli, the primary agent of UTI. [20] [21] [22] The attachment of UPEC to the urothelial surface through the adhesin FimH at the distal end of the fimbria is a critical first step in the establishment of this infection. It can trigger a signaling cascade leading to the urothelial engulfment of the bacteria. 23, 24 The invaded bacteria can then rapidly multiply inside the umbrella cells and form biofilm-like intracellular bacterial communities (IBCs). 25, 26 The apical surface of the mammalian urothelium has a unique morphology especially suitable for ultrastructural studies. First, the urothelial plaques of the plasma membrane and the cytoplasmic fusiform vesicles exhibit an asymmetric membrane structure when viewed by thin-section electron microscopy (EM; i.e., the outer leaflet of the membrane is twice as thick as the inner leaflet, hence the name AUM). 9, 13, 15 The urothelial plaques of the plasma membrane are interconnected by symmetric membrane regions called hinges 3, 4, 9, 15 and linked to cytoskeletal intermediate filaments by small bridges of unknown molecular composition. 4 It was also observed that these plaques exhibit a concave scalloped shape, 15 although the curvature of the concavity was never systematically measured. Second, the urothelial plaques can be readily isolated in milligram quantities from mammalian urothelia 27, 28 ; hence, they are suitable for high-resolution structural studies using electron crystallography, because these plaques are two-dimensional crystals of 16-nm UP particles. 8, 21, [29] [30] [31] [32] These two-dimensional protein crystals exhibit good order and sufficient size (up to 1 μm) and have allowed atomic force microscopy (AFM) studies 21 and three-dimensional reconstructions at a molecular resolution to be performed. 33 In addition, other microscopy techniques, such as freeze fracture 3, 4 and scanning EM, 10, 12, [34] [35] [36] [37] have also been applied to visualize the urothelial surface. However, all these ultrastructural techniques only provide static images of the urothelial surface of fixed samples. Some light microscopy studies of the urothelium, 26, [38] [39] [40] which can potentially allow lowresolution visualization of the dynamics of the urothelial surface directly, have been reported recently. Nevertheless, we still lack tools that can observe the dynamics of the urothelium at the resolution range that bridges EM and light microscopy.
In this study, we introduce AFM as a novel tool to investigate the morphology and dynamics of the native urothelial apical surface at a spatial resolution between 50 and 100 nm. To achieve this, we had to overcome the challenge of stabilizing the extreme soft tissue of the mouse urothelium and develop a simple protocol to immobilize freshly dissected tissues on porous nitrocellulose membranes, thereby enabling us to image unfixed tissues by AFM. More specifically, we obtained AFM images of the distinct morphology of the urothelial surface and, for the first time, the fine details of the urothelial cell boundaries. Moreover, we were able to image clusters of type 1fimbriated E. coli grown between bundles of intermediate filaments within the umbrella cells, thus shedding new light on the development of IBCs of UPEC in urothelial tissues.
Results

Immobilization of mouse urothelial tissues
As a first attempt to immobilize bladder tissue for AFM imaging, we used the device developed by Reichlin et al. to look at the surface features of coronary arteries. 41 In this method, a piece of tissue is placed on top of a metal screw and pressed against an EM grid. For a rigid sample, the grid prevents any movement and enables reliable imaging. In contrast, a soft and easily extensible tissue, such as that from the urinary bladder, was not stable on top of the screw and pressing it against a grid simply pushed the tissue through the grid holes. Hence, we tried to rigidify the bladder using glutaraldehyde fixation and osmium staining. In that case, pressing the tissue against an EM grid allowed stable immobilization of the apical bladder surface such that images could be recorded (see below).
For native and unfixed bladder tissue, we developed a novel immobilization protocol involving a porous nitrocellulose membrane commonly used for Western blotting ( Fig. A1 in Supplementary Data). This method takes advantage of the nitrocellulose's affinity for protein and the porous nature of the membrane. We achieved uniform adhesion to the nitrocellulose by removing the interstitial liquid between the tissue and the membrane using filter paper.
AFM visualization of the mouse urothelial surface
The first step in this study was to obtain AFM images of the apical surface of glutaraldehyde-fixed and osmium-stained mouse urothelium because this is the standard preparation protocol for tissue in transmission EM. 42 In AFM, the apical bladder surface appears folded with deep crevasses ( Fig. A2 in Supplementary Data), consistent with observations in scanning EM. 36 At higher magnification, the whole surface is packed with urothelial plaques exhibiting a concave shape ( Fig. A2 in Supplementary Data). The concave shape of the plaques causes the hinges between individual plaques to protrude into the lumen by approximately 50 nm relative to the center of the plaques. Notice that close packing of the plaques made them appear as irregular hexagons. Even the arrays of the 16-nm UP particles were visible on the urothelial plaques in close-up images, but the hexagonal shape of the particles was not clear.
To obtain a closer-to-native look at the apical urothelial surface, we adsorbed a piece of bladder tissue to a nitrocellulose membrane, as described in Materials and Methods, and fixed the sample briefly by placing a drop of 8% glutaraldehyde solution on the tissue for 10 min. The sample was then washed with phosphate-buffered saline (PBS) and imaged by AFM in the same buffer. As with osmium-stained samples, the concave urothelial plaques covered the entire apical cell surface all the way to the cell borders ( Fig. 1a and b ). 4 The urothelial plaques had an average hinge-to-hinge diameter of 600±100 nm (n=30) and a depth of 110±50 nm (n=30). These corresponded to an average radius of curvature of 460±215 nm. The concavity of the plaques may be caused by the density difference between the two leaflets of the lipid bilayer as suggested for plasma membrane rafts containing high concentrations of cholesterol and sphingolipid (cerebroside in the case of urothelial plaques). 43 Compared with osmium staining, the 10 min glutaraldehyde fixation preserved the apical urothelial surface better. For example, the junctions between the hexagon-shaped umbrella cells appeared rather straight (Fig. 1a ), whereas the junctions were much wavier after osmium staining (data not shown). The umbrella cell borders appeared to be a long ridge, consistent with previous ultrastructural studies. 34, 36 This ridge was approximately 500 nm wide and 400 nm tall ( Fig. 1c) . A fine interdigitated boundary traversing the whole ridge is visible on the AFM deflection image (arrowheads in Fig. 1d ). This interdigitation of the membrane at the cell borders has not been reported earlier; in addition, it creates a zipper-like structure along the ridge. With consecutive thin sections of better-preserved samples using highpressure freeze fixation, it can be seen that the interdigitation is created by the membrane overlap at the cell edges ( Fig. 1e and f) . Hence, the interdigitation does not include the tight junction itself.
AFM imaging in PBS of unfixed urothelial tissue adsorbed to a nitrocellulose membrane was also achieved despite the softness of the sample and the large number of folds on the surface. The numerous urothelial plaques covering the apical surface and their cup-like appearance are clearly depicted in large flat areas ( Fig. 2a ). However, regions with deep membrane folds were more difficult to image in the absence of glutaraldehyde fixation, especially because the highest features could be perturbed by the movement of the tip (see the numerous streaks in Fig. 2b ). Infusion of glutaraldehyde into the fluid cell of the AFM yielded rapid hardening of the surface, similar to what has been reported for cell monolayers cultured on a Petri dish. 44 The urothelial plaques were then visible (Fig. 2c) , and contrast enhancement of the images revealed the hexagonal packing of the plaques (arrowheads in Fig. 2d ).
AFM visualization of bacteria grown in the umbrella cells
Finally, we investigated the interaction between the type 1-fimbriated E. coli bacteria and the mouse urothelial apical surface. Because the adhesin FimH is sufficient to mediate the bacterial invasion, 24 we used the recombinant E. coli strain SH48 that expresses type 1 fimbriae in this experiment. To visualize the IBCs, we first facilitated a fast bacterial invasion by washing the apical membrane for 5 min with 0.1% Triton X-100, because detergents are often used to enhance the invasion of pathogens, 45 followed by incubation of the urothelium with overlaid type 1-fimbriated E. coli for 2.5 h. We then removed the plasma membrane already treated with detergent by repeatedly pipetting PBS over the sample surface. Instead of a typical apical surface image, we observed an extensive network of fine and flexible filaments within which single bacteria and bacterial communities were nesting ( Fig. 3a and b) . The wavy appearance of the filaments and their tendency to form large bundle (Fig. 3b ) suggest that they are intermediate filaments. 40 
Discussion
Nitrocellulose membrane provides a simple and effective way for immobilizing soft tissues Over the last decade, AFM has become a common tool for investigating protein assemblies and cultured cells in their near-physiological environment. 46 For tissue samples, most AFM studies were reported for fairly stiff tissues, such as cartilage, 47 cornea, 48 and coronary arteries. 41, 49 It remains very difficult to image unfixed tissue, especially soft ones. 50 This is largely a result of the lack of an adequate method to immobilize soft tissue without fixation. Nevertheless, efforts have been made to overcome the difficulty of immobilization. For example, aorta tissue that is relatively stiff was successfully imaged by AFM by immobilizing it either with fine pins 49 or by pressing the sample against an EM grid with a screw. 41 We now report on a rather simple tissue immobilization protocol particularly useful for stabilizing soft tissue by using porous nitrocellulose membranes ( Fig. A1 in Supplementary Data). The nitrocellulose membrane is a high-affinity substrate for protein materials; it allows the freshly dissected tissue sample to adsorb by simply overlaying it onto the membrane. The porous membrane allows easy removal of interstitial liquid from the back side, thereby yielding effective suction and uniform adhesion to the membrane. It also harbors the as yet unexplored potential to introduce small molecules from the back side for pharmacological manipulations of the sample. In addition, the nitrocellulose membrane-immobilized sample is extremely simple to mount on any AFM stage, thereby rendering further manipulations of the sample straightforward. These may be mechanical (e.g., by using cantilever/mechanical probes) or chemical (e.g., by introducing reagents to the sample surface, such as fixatives and bacteria, as we have documented; Figs. 1-3 ). Our immobilization method has enabled us to produce the first AFM images of the extremely soft mouse urothelial tissue ( Figs. 1  and 2) , and we expect this method to be more generally applicable to soft tissues.
Membrane interdigitation at the apical cell junctions may contribute to the permeability barrier function
Our AFM data reveal for the first time the membrane interdigitation of the umbrella cell borders (Fig. 1) . Previously, various groups visualized the umbrella cell borders by scanning EM and thin-section transmission EM. 10, 14, 15, [34] [35] [36] 51 In scanning EM images, the cell borders appear as straight ridges slightly raised along the cell borders, [34] [35] [36] 51 consistent with our findings (Fig. 1a ). Although it was generally assumed that the ridge is the cell boundary, scanning EM never visualized the details of where the cells actually divide because of the lowresolution limitation of the technique. The details of the cell junction regions can be visualized by thinsection transmission EM, and the dimension of the raised ridge can be estimated from the micrographs to be 300-400 nm wide and 200 nm tall ( Fig.  1e and f) , consistent with our AFM measurements. However, it is difficult to visualize the interdigitation of the membrane along the cell borders from thin-section EM. Only when consecutive thin sections were checked under EM were we able to catch membrane overlay at the cell borders ( Fig. 1e and f) . From our thin-section transmission EM images ( Fig.  1e and f) , one sees that the interdigitation is made of only the plasma membrane of the apical cell surface at the cell edges (i.e., the cell membrane in the border ridge forms many membrane "tongues" that stick out to the other side of the border). Because the membrane interdigitation does not include the junctional regions (containing the tight junctions) below the cell surface, it does not increase the circumferences of the cells and it is unlikely that it will be affected by surface stretching during the micturition cycle.
This membrane interdigitation at the umbrella cell borders may contribute to the blood-urine barrier of the bladder epithelium. The mammalian urothelium, with transepithelial electrical resistance much higher than that of other epithelia, is the tightest epithelium known. 2, 52, 53 As mentioned, the urothelium has two physical barriers: the transcellular one formed by the highly specialized plasma membrane of the apical cells and the paracellular one that mainly consists of the tight junctions at the cell borders. On the one hand, we know quite well the structure of the transcellular barrier owing to recent three-dimensional cryo-EM structures of the urothelial plaques. 30, 33 The lipid bilayer of the urothelial apical membrane contains very high fractions of sphingolipids (mainly cerebroside) and cholesterol, 54, 55 which favor ordered lipid structures that can reduce the permeability of the membrane. The hexagonal close packing of the 16-nm UP particles further organizes the lipid domains and reduces the fluidity of the lipids, hence enhancing the permeability barrier function of the membrane. 1, 30 On the other hand, we know much less about the structure of the tight junctions and the related cell border region. Freeze fracture studies showed that the urothelial tight junction contains only three to six junctional strands. 34, 56 Because the number of the junctional strands can be proportional to the paracellular electrical resistance, 57 three to six junctional strands should yield only an "intermediate tight" junction, 57, 58 but the mammalian urothelium has the highest recorded electrical resistance. 2, 52 In addition to that the urothelium tight junctions contain claudin molecules that are associated with junctions of higher resistance, 38 the morphological details at the apical cell junction revealed by our AFM study may further improve the barrier function of the urothelium. The zipperlike interdigitation of the membrane at the cell border can (i) better fasten the two neighboring cells together and (ii) provide additional surface contacts of the apical membranes along the borders, hence further increasing the electrical resistance of the junction. This membrane zipper may also help stabilize the tight junctions of the umbrella cells when the bladder is stretched during the micturition cycle. Whether the membrane zipper exists in other epithelial tissues remains to be seen.
Intermediate filament bundles of the umbrella cells can provide niches for bacterial colonization of the urothelium
Our immobilization protocol has allowed us to image bacteria that replicated in the cytoplasm using AFM after removing the apical membrane by detergent washes. It has been shown in a mouse model of UPEC infection that the internalized bacteria replicate to form IBCs, which can go through several stages of maturation. 26, 59, 60 In the early hours of the IBCs, the bacteria form loosely organized colonies with a regular shape. However, after 6-8 h, the bacteria mature into tightly packed biofilm-like clusters. The bacteria can then further change into filamentous motile ones that can flux out from the IBCs to enter a new cycle of infection. It appears from light microscopy and EM data that IBCs closely associate with keratin intermediate filaments. 59, 61 It was suggested that the intermediate filaments may provide scaffolds for the development of intracellular biofilms of UPEC. 61 The bacteria we visualized may reflect the early stage of IBC development. They seemed to form clusters right in the cavities between the bundles of intermediate filaments. It was found that as the urothelial cells mature into umbrella cells, the keratin filaments become dominant 62, 63 ; the cavities between the boundless regions of these filaments may provide the right niches for the bacteria to replicate. 61 
Materials and Methods
Immobilization and fixation of mouse bladder tissue Urinary bladders were obtained from common 3-to 6month-old laboratory mice. All animals were fed with a standard diet with free access to water before euthanization. Mice were euthanized by inhalation of CO 2 , and their bladders were rapidly excised and kept in PBS. For osmium staining, 50 μl of 2% glutaraldehyde was introduced into the mouse bladder chamber while the ureters and urethra were blocked with tightened threads. The whole bladder was then immersed in 2% glutaraldehyde for 2 h and then cut into halves, stained with 1% OsO 4 overnight, and then washed with water before being imaged by AFM.
For nitrocellulose immobilization, the bladder was cut into small pieces and the muscle side was slightly dissected to expose regions of underneath muscle for better adhesion to the cellulose membrane. The tissue was then stretched slightly and flattened to be allowed to stick, with the urothelial side up, to a larger piece of nitrocellulose membrane (catalog no. 162-0112, Bio-Rad, Hercules, CA, USA). The excess PBS was blotted away with filter paper from the back side of the membrane to create better adhesion ( Fig. A1 in Supplementary Data). The whole piece was then cut into a smaller square suitable for mounting onto an AFM sample stage ( Fig. A1 in Supplementary Data) .
Preparation of bacteria
The type 1-fimbriated bacteria, E. coli strain SH48, 64 were first grown in LB broth overnight in tubes placed in a shaking incubator at 37°C. The bacteria were then diluted 10-fold and subcultured overnight statically to induce expression of type 1 fimbriae. Type 1 fimbria expression was confirmed by mannose-sensitive agglutination of 1% Baker's yeast. The bacteria were then collected with centrifugation and resuspended in the same amount of PBS before use.
AFM
The samples were either mounted on a pressing device 41 or double taped to a Teflon-covered metal ring in the case of nitrocellulose membrane immobilization. All samples were scanned in PBS using cantilevers with oxide-sharpened silicon nitride tips, which had a nominal spring constant of 0.06 N/m and nominal tip radii between 5 and 40 nm (type NP-S, Veeco, Santa Barbara, CA, USA). AFM images were recorded in contact mode using a Nanoscope IIIa controller running with software version 5.12r3 (Veeco) operated at room temperature. Images of 512 × 512 pixels were recorded with a scanner drive frequency of 1-5 Hz.
EM
Mouse bladders were high pressure frozen and then freeze substituted. Ultrathin sections 70 nm in thickness cut by using a Leica Ultracut UCT ultramicrotome (Leica, Deerfield, IL, USA) were transferred onto Formvar-coated grids and double stained with uranyl acetate and lead citrate. Images were recorded with a CM200FEG electron microscope (FEI, Eindhoven, The Netherlands) equipped with a 1 × 1-k Multiscan 794 CCD camera (Gatan, Pleasanton, CA, USA).
